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Abstract

At the ALS we have been testing out Thermo-Electron’s newest infrared imaging system, the Continuum XL microscope. This micro-
scope is equiped with a 32-element MCT (16 x 2) array which allows rapid infrared imaging with fixed step sizes. The microscope also has
a conventional single element MCT-A, which can be swapped for an MCT-B, or InSb detectors. This microscope is installed on ALS
Beamline 1.4.4 where the synchrotron source provides high brightness for the single element detectors. We present comparisons of
the measured spatial resolutions available with each of these detector types for globar and synchrotron sources as a function of wave-
length and optical configuration. We find that the synchrotron retains its superiority for ultimate spatial resolution and signal-to-noise,
while the array detection system is fast and convenient for surveying larger regions of a sample. Therefore in practice we use the array
system for initial infrared images which allow us to find the regions of interest where we ‘zoom in’ using the synchrotron source.
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1. Introduction

Synchrotron infrared spectromicroscopy provides dif-
fraction-limited spatial resolution with high signal-to-noise
[1,2]. The synchrotron has 100-1000 times higher bright-
ness than a conventional thermal globar source [1-4]
enabling a wide variety of new science at small spatial
scales [3,4]. A new generation of infrared imaging micro-
scopes employing array detector technology is emerging
which can provide higher spatial resolution and signifi-
cantly increased data acquisition speeds than conventional
single detector spectromicroscopy systems [5]. At the
advanced light source we have installed one of these newer
systems which has dual detectors (single and array) with
which we can directly compare the resolution and perfor-
mance of both sources, both detectors, and a variety of
optical configurations. This Thermo-Electron Continuum
microscope is installed on Beamline 1.4.4 along with a
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Thermo-Electron Nexus 870 FTIR bench, while our older
single detector microscope remains in active use on Beam-
line 1.4.3, both operating simultaneously. Both systems
have recently been upgraded with new higher speed and
higher resolution (0.1 pm) Prior Scientific ProScan I x-y
sample stages which increases the convenience for the user,
but also allows high-precision resolution and other tests as
described here.

Two different spatial resolution tests were performed on
a USAF 1951 3-Bar Resolving Test Chart [6] using the
mercury cadmium telluride (MCT) array detector with
the globar source and the MCT-A* single detector with
the synchrotron from ALS Beamline 1.4.4 with both 15x
and 32x objectives. The USAF resolution test sample has
a metal coating on glass with the resolution test structures
patterned into the metal layer. The metal is therefore a high
reflectivity sample whereas the glass within the test struc-
tures is more absorbing in the infrared. The reflectivity of
the glass in the mid-IR is only 15% that of the metal coat-
ing. The first spatial resolution test is a step-edge test (also
known as a knife-edge test) done by performing a linear
scan across the glass to metal interface on a larger square
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Fig. 1. Resolution test definitions: (a) the step-edge resolution test fits a Gaussian function to the first derivative of the profile. Resolution is given by the
FWHM of the Gaussian curve; (b) the imaging resolution test uses Rayleigh’s criterion to determine if the peaks are resolved.

portion of the test structure. A spectrum is acquired at each
point and then a profile of the reflection as a function of
position is obtained. To obtain the resolution, the first
derivative of the profile is calculated and then fit to a
Gaussian function. The full width half max (FWHM) of
the Gaussian fit determines the resolution as shown in
Fig. 1(a) [7]. The second type of resolution test, whose def-
inition is shown in Fig. 1(b), is an imaging resolution test
done by scanning the beam over three bars of the same
width and distance apart. On the USAF test chart there
are multiple sets of bars decreasing in width, the smallest
being 2.19 um. Once a reflectance profile is obtained via a
line map across a set of three bars, Rayleigh’s criterion is
used to determine whether the bars are resolved or not.
As demonstrated in Fig. 1(b), Rayleigh’s criterion states
that if the size of the dip between the two peaks overlap
(I) is less than 8/n” the intensity of the peaks (Iy), then
the bars are resolved [8]. These two types of resolution tests
were analyzed in order to determine the spatial resolution
of the array and synchrotron imaging systems at wave-
lengths ranging from 1.25 pm to 10 pm (8000-1000 cm ™).
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2. Step-edge resolution tests

The first step-edge tests were performed with the 15x
and 32x objectives using the array detector. Fig. 2 shows
a micrograph of the USAF 1951 3-bar resolving test chart
and a close up of the square that was used for the step-edge
tests. The red line in Fig. 2 indicates where the line scan was
performed over the edge of the square. We analyzed the
data at every 1000 wavenumbers from 1000 cm™' (10 pm
wavelength) to 6000 cm™! (1.67 pm wavelength). For the
15x objective each array pixel is imaged to 19 x 17 um at
the sample. Fig. 3(a) shows the edge profiles for each
1000 wavenumbers for the 15x objective. A Gaussian was
fit to the first derivative of each profile and the FWHM
of the Gaussians is plotted against wavelength in
Fig. 3(b). The FWHM is weakly dependent on wavelength
and the resolution at each wavelength is approximately
twice the pixel size. For the 32x objective each array pixel
is imaged to 9 x 8 um at the sample. Fig. 3(c) shows the
edge profiles for each 1000 wavenumbers and Fig. 3(d)
shows the measured Gaussian FWHM vs. wavelength.
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Fig. 2. A micrograph of the USAF 1951 3-bar resolving test chart and a close up of the square that was used for the step-edge tests. The red line indicates
where the line scan was preformed over the edge of the square. (For interpretation of the references in colour in this figure caption, the reader is referred to

the web version of this article.)
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Fig. 3. Step-edge resolution tests using the array: (a) step-edge profiles using the array and the 15x objective; (b) the FWHM of the Gaussians that are fit
to the first derivative of the profiles in (a) vs. wavelength; (c) step-edge profiles using the array and the 32x objective; (d) the FWHM of the Gaussians that
are fit to the first derivative of the profiles in (c) vs. wavelength.
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Fig. 4. Step-edge resolution tests with the synchrotron source: (a) step-edge profiles using the synchrotron and the 32x objective; (b) the FWHM of the
Gaussians that are fit to the first derivative of the profiles vs. wavelength. The slope of the line gives the resolution for the synchrotron as a function of

wavelength.
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Again, we find that the resolution of the array is approxi-
mately twice the pixel size and only slightly dependent on
wavelength.

The next step-edge resolution tests were performed with
the 32x using the synchrotron beam and the single detector.
Again the analysis was performed every 1000 wavenumbers
from 2000 cm ™' (5 pm wavelength) to 8000 cm ™' (1.25 um
wavelength). The measured profiles are shown in Fig. 4(a)
and (b) shows the fitted Gaussian FWHM vs. wavelength
together with a linear fit to this data. The slope of the line
shows that the resolution for the synchrotron scales with
the wavelength, specifically the resolution = (0.74 + 0.04)A.
Similar tests were done with the 32x objective and the syn-
chrotron source and consistent results were found demon-
strating that the synchrotron source resolution is only
limited by diffraction.
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3. Imaging resolution tests

The imaging tests determine the resolution between clo-
sely spaced objects and therefore can be a more relevant
resolution test for real IR spectromicroscopy applications.
Scans were made across bars of decreasing width until the
bars could no longer be resolved. For the array data, Ray-
leigh’s criterion analysis was done for 2.5 pm and 5 pm
wavelengths. As stated above, with the 15X objective the
array pixels are imaged to 19 x 17 pm. A visual image of
the map is shown in Fig. 5(a) and the corresponding infra-
red image is shown in Fig. 5(b). The red and blue squares
indicate which bars the line map was acquired across.
The 17.5 pm bars were the last bars to be perfectly resolved
by the array at 15x. The next smaller size bars, at 15.6 um,
were not resolved. The profile for the 17.5 um bars (the red
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Fig. 5. Imaging resolution tests using the array and the 15x objective: (a) visual image of the test target. The red square outlines the 17.5 um bars and the
blue square outlines the 15.6 pm bars; (b) infrared image of the test target; (c) the profile for the 17.5 um bars (the red square) at 5 um wavelength and
the Gaussian fits showing these bars are resolved; (d) the profile for the 15.6 um bars (the blue square) at 5 pm wavelength and the Gaussian fits showing
these bars are not resolved. (For interpretation of the references in colour in this figure caption, the reader is referred to the web version of this article.)
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square) and 15.6 um bars (the blue square) at 5 um wave-
length is shown in Fig. 5(c) and (d). The imaging spatial
resolution of the microscope at 15x using the array is there-
fore approximately 17 um. With the 32x the array pixel is
imaged to 9 x 8 um. A visual image of the map is shown
in Fig. 6(a) and the corresponding infrared image is shown
in Fig. 6(b). The smallest bar width that was well resolved
using the array and the 32x is 9.8 pm. The 8.8 um bars were
just unresolved. The red square in Fig. 6(a) shows the
9.8 um bars on the map and the blue square shows the
8.8 um bars. The profiles of these bars at 2 um wavelength
are shown in Fig. 6(c) and (d). The spatial resolution with
the 32x is therefore approximately 9.0 pm.

Imaging tests were also done with the synchrotron
source with the 15x objective. Analysis based on Rayleigh’s
criterion was completed for every 1000 wavenumbers from
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2000-6000 cm ' (5-1.67 pm) and for 1546 cm ™' (6.47 pm).
The 3.11 um bars are just unresolved at 6.47 pm wave-
length. The smallest bar resolved at 5 um wavelength is
2.46 ym. The smallest bar on the test chart, which is
2.19 pm wide, is resolved at all wavelengths shorter than
5 um. Fig. 7 shows the infrared image of the 2.19 um bars
(a) and the profile of these bars (b) at 2.5 pm wavelength.
Since the USAF test chart did not have small enough bars
to determine the resolution for wavelengths shorter than
5 um, we used the measured line widths of the smallest
2.19 um bars for each wavelength to extrapolate the resolu-
tion. By using the Gaussian line widths and Rayleigh’s cri-
terion, we can estimate how close together the bars would
need to be to no longer be resolved. These extrapolated res-
olutions, along with the measured resolutions, are shown in
Fig. 8. A simple linear relation fits the extrapolated and
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Fig. 6. Imaging resolution tests using the array and the 32x objective: (a) visual image of the test target. The red square outlines the 9.8 pm bars and the
blue square outlines the 8.8 um bars; (b) the infrared image of the test target; (c) the profile and the Gaussian fit for the 9.8 um bars; the last bars to be well
resolved at 2 um wavelength; (d) the profile and Gaussian fit for the 8.8 um bars, which are just not resolved. (For interpretation of the references in colour
in this figure caption, the reader is referred to the web version of this article.)
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wavelength; (b) the profile of these bars at 2.5 um wavelength.
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Fig. 8. Extrapolated and measured resolutions vs. wavelength. The dotted

line indicates the smallest bar on the test chart. A linear fit of the

extrapolated data and the experimental data gives the synchrotron
imaging resolution.

measured data points well, resulting in the synchrotron
imaging resolution = (0.52 4+ 0.02) 4.

4. Imaging example

As an example of the imaging capabilities of the array
and synchrotron systems, we acquired two spectral images
of the same three human cheek cells on a gold coated glass
slide. These cells are fairly large in size (~50 um in diame-
ter) so both imaging systems should be able to easily locate
the cells, but finer features such as the nuclei, cellular mem-
branes and cytoplasmic structures will provide a more real-
istic resolution test. Fig. 9 shows the visual microscope
image of the three cells (a), the infrared image of the inte-
grated 2830-3000 cm ™' region intensity acquired with the
array system (b), and the infrared image of the integrated
2830-3000 cm ™! region intensity acquired with the syn-
chrotron source (c). While the three cells are visible with
the array system, many finer features are resolved only with
the synchrotron source. Fig. 9(d) shows two portions of the
spectra obtained from same locations with the two imaging
systems. The resolution and acquisition time for the one
point were comparable, but we observe that the signal-to-
noise ratio of the synchrotron is clearly superior. The array
system however retains its speed advantage as its image
required only 10 min to acquire while the synchrotron
image required over 5h to complete. The measured S/N
for the array is 14 where the S/N for the synchrotron is
4722. The S/N of the synchrotron is therefore about 337
times the S/N of the array. Assuming that noise scales
exactly as the in the square root of the number of scans
averaged, then 113,000 times more scans are needed with
the array to achieve an equivalent S/N as the synchrotron.
This means that the acquisition time would be approxi-
mately 80 days. This is not very realistic, so another way
to compare the S/N of the array and the synchrotron is
to calculate the S/N if the array acquired data as long as
we took for the synchrotron map (5 h). In this case it would
take 1875 scans per pixel in 5 h so the SR would then only
have 43 times better S/N than the array, although the res-
olution superiority of the synchrotron still holds. We there-
fore find that the array system is excellent at rapidly
surveying larger regions of a sample, while the synchrotron
is superior for high-quality measurements of small regions
at higher resolution and better S/N, in good agreement
with Ref. [5].

5. Conclusion

The step-edge resolution tests show that the spatial res-
olution of the 32-element MCT array is ~2 times the pixel
size and only slightly dependent on wavelength, whereas
the spatial resolution of the synchrotron is only limited
by diffraction at all mid-IR wavelengths. The imaging res-
olution tests show that the spatial resolution with the MCT
array is limited by its projected pixel size whereas the spa-
tial resolution of the synchrotron is again limited by dif-
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Fig. 9. An example of infrared imaging using human cheek cells: (a) the visual microscope image of the three cheek cells; (b) the infrared image of the

integrated 28303000 cm ! region intensity acquired with the array system and the 32x objective; (c) the infrared image of the integrated 2830-3000 cm

-1

region intensity acquired with the synchrotron source; (d) spectra obtained from same locations with the array (top) and the synchrotron (bottom) to

demonstrate the signal-to-noise for each system.

fraction at all mid-IR wavelengths and even extending into
the near-IR. As array detectors are implemented with effec-
tive sizes smaller than the mid-IR wavelengths the spatial
resolution of the array will also start to be limited by dif-
fraction. This was not observed in this experiment due to
the larger area imaged per pixel size of the MCT array.
In both cases the imaging resolution is superior to the res-
olution determined by the step-edge tests, indicating that
features smaller than the measured step-edge resolution
may still be resolved in an infrared image.

The MCT Array imaging system is very useful because it
multiplexes the data acquisition over 32 elements simulta-

neously therefore making IR images 32 times faster to
acquire. However the spatial resolution is limited by the
physical pixel size whereas the synchrotron remains diffrac-
tion-limited, has a superior signal-to-noise ratio, and can
resolve significantly smaller features. Therefore the syn-
chrotron remains the best tool for the highest spatial reso-
lution with good signal-to-noise. In practice, we use the
array system to rapidly image a sample to find the regions
of highest interest which are then studied with the synchro-
tron source at higher resolution. In the future we hope to
combine the speed advantages of the array with the quality
and resolution of the synchrotron.
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